Effect of Co-Fe substitutions on the room-temperature spin polarization in Co3_a;Fea;Si 

Heusler-compound films 
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Using low-temperature molecular beam epitaxy, we study substitutions ol Fe atoms for Co ones 
in Co3_a;Fea;Si (1.0 < a; < 3.0) Heusler-compound films grown on Si and Ge. Even for the low- 
temperature grown Heusler-compound films, the Co-Fe atomic substitution at A and C sites can 
be confirmed by the conversion electron Mossbauer spectroscopy measurements. As a result, the 
magnetic moment and room-temperature spin polarization estimated by nonlocal spin-valve mea- 
surements are systematically changed with the Co-Fe substitutions. This study experimentally 
verified that the Co-Fe substitution in Co3_a;Fea;Si Heusler compounds can directly affect the room- 
temperature spin polarization. 
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I. INTRODUCTION 

To demonstrate highly efficient spin injection and de- 
tection in spintronic applications, ferromagnetic Heusler 
compounds with the chemical formula X2YZ have been 
studied, [ll-Q where X and Y are transition metals and 
Z is a main group element such as Si and Ge. A 
schematic diagram of X2YZ Heusler-compound struc- 
tures is shown in Fig. 1(a), and four crystal sites are 
denoted as A(0,0,0), B(i,i,i), C(i,i,i), D(|,|,|) in 
Wyckoff coordinates. 

It is well known that Co2FeSi (CFS) is one of the 
Co-based Heusler compounds with the highest Curie 
temperature and highly spin-polarized density of states 
(DOS) at the Fermi level. ^9] For ideal CFS with an 
L2i-ordered structure, the (A,C) sites and B sites are 
occupied with Co and Fe atoms, respectively. Al- 
though room-temperature spin-related functionality was 
shown in magnetic tunnel junctions (MTJs) with CFS 
electrodes. (sl [l0l - [l2| the spin polarization (P) estimated 
was not so large (P < 0.5). It has so far been ar- 
gued that the intentional Co-Fe substitutions between 
the (A,C) and B sites can affect the decrease in P of 
CFS electrodes. d HI El El Theoretically, electronic 
band structures were calculated and the effect of the 
Co-Fe substitutions on P was examined for Co-Fe based 
Heusler-compound films, [l^ However, there was no ex- 
perimental work on the influence of the Co-Fe substitu- 
tions on P in the CFS films. 

Recently, in spin lig ht-emitting diodes (LED) with 
CFS spin injectors, [la, E3 tiighly efficient spin injec- 
tion into III-V semiconductors was demonstrated. The 
CFS films were grown on (Al,Ga)As by using low- 
temperature molecular beam epitaxy (LT-MBE) . We also 
demonstrated relatively high performance for CFS elec- 
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trodes in lateral spin valves (LSVs),|18| where the CFS 
films were grown by LT-MBE and highly L2i-ordered 
structures were also evaluated by conversion electron 
Mossbauer spectroscopy (CEMS) measurements . fTol [20l | 
Contrary to the previous works with MTJs. [10l - [l3 | rel- 
atively large P ~ 0.8 was already obtained at room 
temperature. [Hj We infer that these results originate 
from the high-quality epitaxial growth with the precise 
control of the atomic composition using LT-MBE. |19l[20j 
and these growth techniques have already been estab- 
lished for other Heusler compounds. [22, 23] Hence, if we 
tune the substitution of Fe for Co using our LT-MBE 
techniques, the control of P can be demonstrated exper- 
imentally and one can clarify the influence of the Co-Fe 
substitutions on P in CFS. 

In this study, we study the effect of the substitution 
of Fe for Co on P in low-temperature grown Co3_a;Fe2;Si 
films. Utilizing our LT-MBE techniques, we demonstrate 
a substitution of Fe for Co occupying A and C sites 
in Co3_2;Fea;Si films even on group-IV semiconductors. 
With varying x (1.0 < x < 3.0), we clearly observe mono- 
tonic change in P at room temperature. This experimen- 
tal study gives an important knowledge to obtain high- 
performance Co3_j,Fea;Si Heusler-compound electrodes. 



II. SAMPLES AND MEASUREMENTS 

Prior to the fabrication and characterizations of thin- 
film samples, we briefly explain the crystal structure of 
general bulk samples by using Fig. 1(a). In the ideal 
L2i-type CFS, there are two Co sites (A and C sites), 
one Fe site (B site) , and one Si site (D site) , where the A 
and C sites are magnetically equivalent. With increasing 
Fe concentration (x) from x — 1.0 to 3.0 in Co3_j;Fea;Si, 
Fe atoms can occupy the A and C sites, leading to the 
replacement of Co atoms. When all the A and C sites 
are occupied by Fe atoms, I?03-type Fe3Si (FS) can be 
obtained. [13, Hi 
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FIG. 1: (Color online) (a) A schematic diagram of Heusler- 
compounds with the chemical formula X2YZ. (b) Cross- 
sectional TEM image of Fe2CoSi/Si(lll). The inset shows 
NED patterns for Fe2CoSi film near the interface. The zone 
axis is parallel to the [110] direction. 



Co3_a;Fe2;Si (1.0 < X < 3.0) layers with a thickness 
of ^25 nm were grown directly on non-doped Si(lll) 
and/or Ge(lll) by LT-MBE at 100 °C, where we co- 
evaporated Co, Fe and Si using Knudsen cells. [iqI [20j 
In order to change the ratio of Fe to Co, the growth 
rates of Co and Fe were tuned by adjusting the cell 
temperatures. The x value in the films was confirmed 
by measuring the energy dispersive x-ray spectra. In- 
situ reflection high energy electron diffraction (RHEED) 
patterns of Co3_a;Fea;Si layers clearly exhibited symmet- 
rical streaks, showing good two-dimensional epitaxial 
growth. Structural and magnetic properties were char- 
acterized by transmission electron microscopy (TEM) 
images, nanobeam electron diffraction (NED) patterns, 
magnetization curves, and ^^Fe Mossbauer spectra, as 
shown in our previous works, [l^ [13, [H, [l^j To enhance 
the detectability of the ^''Fe Mossbauer spectra, we en- 
riched ^^Fe nuclei to 20 % in the Knudsen cell of the Fe 
source. For the estimation of the spin polarization at 
room temperature, the Co3_2;Fea;Si films were patterned 
into the submicron-sized electrodes by using a conven- 
tional electron-beam lithography and an Ar ion milling 
technique. In order to form the LSVs, 100-nm-thick 
Cu strips bridging the two Co3_^Fe2:Si electrodes were 
patterned by a conventional lift-off technique, together 
with bonding pads. Nonlocal spin-valve (NLSV) mea- 
surements were carried out by a conventional current-bias 
lock- in technique (~ 200 Hz). The detailed fabrication 
process and measurements are described elsewhere. [2l| 



III. RESULTS AND DISCUSSION 

Figure 1 shows a high-resolution TEM image of one of 
the low-temperature grown Co3_:rFea;Si films, Fe2CoSi 
(ECS, X — 2.0)/Si(lll). We see no reaction layers near 
the interface. Also, lattice image and the NED pattern 
in the inset of Fig. 1(b) of the ECS layer show single- 
crystalline characteristics. Superlattice reflections, (111) 
and (113), originating from the presence of the DQ-^- 



e 

o 
U 




-5 5 

Velocity (mm/s) 



10 



• Fe(I),(A,C) site ; 

• Fe(II),B site 
o Co, (A.C) site 




2 3 4 

Site number n 



[t] 



FIG. 2: (Color online) (a) Room-temperature ®^Fe Mossbauer 
spectrum (solid circles) of an Fe2CoSi film, together with five 
fitting subspectra as denoted in the text, (b) Fitted area 
versus site number for Fe2CoSi film, estimated by the CEMS 
measurement and best fitting. The inset shows schematic 
diagram of an ordered Fe2CoSi structure. There are two types 
of magnetically distinct Fe sites, i.e., Fe(I), occupying A or C 
sites coordinated with four Fe atoms and Si atoms, and Fe(II), 
occupying the B site surrounded by eight Fe atoms or Co ones. 



and/or L2i-structures (solid circles) are clearly identi- 
fied. consistent with our previous works on CFS (a; = 1) 
[UllOl and FS (x = 3).[2i,[23| These features imply that 
the Co atoms occupying the A and C sites are replaced 
by Fe ones in Co3_a;Fea;Si films with increasing x without 
forming other disorder structures. For the films grown on 
Ge(lll), we have already confirmed almost identical fea- 
tures. 

In order to verify the atomic substitution between Co 
and Fe, we examined the magnetic environments around 
the Fe sites for a FCS film [x — 2.0) by ^"^Fe Mossbauer 
spectroscopy. One of the crystal structures of an ordered 
FCS is illustrated in the inset of Fig. 2(b). There are two 
types of magnetically distinct Fe sites, i.e., Fe(I), occupy- 
ing A or C site coordinated with four Fe atoms and four 
Si atoms, and Fe(II), occupying the B site surrounded 
by eight Fe or Co atoms. In a previous work of bulk 
Co3_2;Fea;Si samples reported by Jung et a/.,[l^ the two 
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FIG. 3: (a) Ms as a function of x for Cos-j^Fe^^Si films on 
Si(lll) and/or Ge(lll), measured at 300 K. The inset shows 
the M-H curve for Fe2CoSi, measured at 300 K. 



sites with two different hyperfine magnetic fields were 
completely distinguished by the '^^Fe Mossbauer spec- 
troscopy. Thus, we can probe the local structures of the 
FCS film by detecting the two different surroundings of 
Fe atoms. The ^^Fe Mossbauer spectroscopy for the FCS 
epilayer grown is presented in Fig. 2(a). An evident sex- 
tet pattern, typical for magnetically ordered systems, is 
obtained (black solid circles). The spectrum can be suc- 
cessfully fitted with five magnetic environments defined 
as site number n from 1 to 5, where the five fitting curves 
are also presented in Fig. 2(a). Note that the quadrupole 
shift was fixed to zero due to the cubic symmetry of the 
local Fe environment and the intensity ratio of the mag- 
netically split sextet was also fixed to 3:4:1:1:4:3, since 
the magnetic moment was along the film plane, reflecting 
the magnetic shape anisotropy. The large two contribu- 
tions, denoted by the site 1 and 2 with hyperfine mag- 
netic fields of 19.4 and 32.8 T, respectively, are the same 
as the two sites, Fe(I) and Fe(II), in the bulk samples in 
Ref . [l3j . On the other hand, the other three subspectra 
with smaller intensity can be recognized as disordered 
sites. 

The percentage of the fitted area versus site number 
for the FCS film is also presented in Fig. 2(b). If we 
obtain the perfectly substituted structure in FCS {x = 
2.0), there are Fe(I) and Fe(II) sites evenly, i.e., site 1 : 
site 2 = 50 (%) : 50 (%). In actual our FCS epilayer, site 
1 : site 2 = 37.3 (%) : 36.6 (%) , indicating that the local 
degree of the structural ordering exceeds 70 % even for 
the low-temperature grown FCS film. We note that the 
ratio of site 1 to site 2 is nearly one to one. Since the 
hyperfine magnetic fields for the site 3 and site 4 were 
30.5 T and 25.1 T, respectively, the site 3 and 4 might 
be very similar to Fe(II) and Fe(I), respectively. Such 
deviations of the hyperfine magnetic fields from the ideal 



values can be caused by the site occupation of surplus 
Fe and Si atoms with (A,C) sites.jl^, [23| In other words, 
although the presence of about 15 % sites (sites 3 and 4) 
was also arising from the Fe(I)- and Fe(II)-like structures, 
local ofF-stoichiometry led to such disordered structures. 
Finally, the site 5 with less than 15 % was regarded as 
the almost nonmagnetic site with a small hyperfine mag- 
netic field of less than 5 T, which may originate from the 
FCS/Ge interface. [13 

In our previous works for FS {x = 3),[26!, ^271] we have 
obtained relatively high local degree of the structural or- 
dering 70 %) for FS (x = 3). Also, we have confirmed 
that the local degree of the structural ordering exceeds 
70 % is achieved and the ratio of site 1 to site 2 is nearly 
one to one in Fig. 2. Thus, even if we conduct the change 
in X in LT-MBE conditions, we can achieve the atomic 
substitutions without decreasing the structural ordering 
in the Heusler-compound structure. Considering the fact 
that there was no site occupation of Fe atoms with D 
sites for CFS {x = l),[i^, [3 can eventually judge 
that the Fe atoms are substituted for the Co ones occu- 
pying with A and C sites, following the site preference 
selectivity described for a bulk Coa-a^Fe^^Si system. (2^ 

Taking these structural characterizations into account, 
we further examined magnetic properties with increasing 
X in Co3_a;Fe2:Si films grown on Si(lll) and/or Ge(lll). 
The inset of Fig. 3 shows representative field-dependent 
magnetization [M — H) curve at 300 K for the FCS film, 
where the applied field direction is parallel to the mag- 
netic easy axis in the film plane. A clear ferromagnetic 
hysteretic curve is observed and the coercive force is very 
small with a value of ^9 Oe, which is consistent with typ- 
ical characteristics of Heusler compounds. [ll-0, HI] The 
estimated saturation magnetization (Ms) reaches more 
than ~80 % of bulk Ms.jli, [H These features were 
seen for all the Coa-j^Fe^^Si films (1.0 < a: < 3.0), im- 
plying that the crystal quality of the Coa-xFe^Si films 
are very good. Then, we summarize Ms versus x for the 
Co3_2;Fea;Si films in the main panel of Fig. 3, where Ms 
values of the Coa-ajFe^jSi films grown on Si and Ge are 
plotted. We can find that Ms is monotonically tuned 
with varying x. This tendency is in good agreement with 
that of bulk samples in a previous work, [24] in which this 
behavior in Ms versus x can be explained by the change 
in the local magnetic moment of Fe atoms due to the sub- 
stitution of Fe for Co occupying A and C sites. ^24*] There- 
fore, we conclude that the obtained monotonic change 
in Ms versus x results from the experimentally verified 
atomic substitution in Co3_a;Fea;Si films (1.0 < a; < 3.0). 

Also, the electronic structures are determined pre- 
dominantly by the chemical surroundings of magnetic 
atoms such as the number and type of the nearest neigh- 
bors at given site. [11, 15, 22, 25, 29] Since the magnetic 
properties in Co3_2;Fea;Si films on Si or Ge were con- 
trolled by the Co-Fe atomic substitution, the control of 
P can also be expected because of the systematic change 
in the DOS at the Fermi level. [ill. El HI To confirm 
this effect, we finally evaluated the room-temperature P 
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FIG. 4: (Color online) (a) Scanning electron microscope im- 
age of fabricated Fe2CoSi/Cu LSV. (b) Room-temperature 
NLSV signal for Fe2CoSi/Cu LSV. (c) Room-temperature Pf 
as a function of pp for Co3-i,Fea;Si/Cu LSVs. For x — 1.0 
and 3.0, we replotted the data presented in Ref. f2l|. The Ap 
values used are 5 ± 1 nm {x = 3.0), 4 ± 1 nm {x = 2.0 and 
1.5), and 3 ± 1 nm {x = 1.0). 



for Co3_a;Fe2:Si films by using NLSV measurements and 
the analysis based on the one-dimensional spin diffusion 
model. [H, [U, Is^l Since we have so far evaluated CFS 
{x = 1.0) and FS (x = 3.0),[2l| we hereafter focus on 
Fe1.5C01.5Si (x = 1.5) and FCS (x = 2.0). A scanning 
electron micrograph (SEM) of a representative FCS/Cu 
LSV is shown in Fig. 4(a). The center-to-center sepa- 
ration between FCS injector and detector (d) is 400 nm. 
Figure 4(b) shows a nonlocal magnetresistance curve of 
a FCS/Cu LSV, measured at room temperature. We ob- 
serve clear NLSV signal depending on the magnetization 
configuration between the spin injector and detector. It 
should be noted that a relatively large spin signal {ARs) 
of ^^1.3 mil is seen, which is roughly five times larger than 
that for Py/Cu LSVs of the same size and low-resistance 
ohmic interfaces. [l8| 

In our previous works . [isl [2ll . Isoj we simplified the spin 
signals on the basis of a one-dimensional spin diffusion 
model: [ail-lsl 
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where Pp, Pi, pp, and Ap are the bulk spin polariza- 



tion, interface spin polarization, resistivity, and spin dif- 
fusion length of the ferromagnetic electrode, respectively. 
PN and An are those for the nonmagnetic wire, and d 
is the separation distance between the injector and de- 
tector {d — 400 nm). We determined pp by the four- 
terminal resistance measurements. Also, we know that 
Pn and An are 2.5 /iilcm and 500 nm, respectively. [Tsl. [2ll| 
RAp/-^ is the resistance of the interface between the 
ferromagnet and nonmagnet, but this term can be ig- 
nored since we have already confirmed that RAp/^ < 
0.1 iilm^. Note that the area parameter A is defined 
as (S'injS'det/'S'N), where 5'inj, ^det, and Sn are the areas 
of the junctions in the spin injector and spin detector, 
and the cross section of the nonmagnetic strip, respec- 
tively as described in our previous works. fl§L [2ll. [30l| The 
A values for the Co3_a;Fea;Si/Cu junctions were directly 
measured by SEM observations. Hence, using Eq. (1), 
we can obtain Pp by making an assumption about the 
value of Ap- In this study, we used the Ap value of 4 ± 
1 nm for x = 2.0 (FCS) and 1.5 (Fe1.5C01.5Si) consid- 
ering our previous works. T^, ^2)\ The resulting Pp val- 
ues estimated as a function of pp for the Co3_a;Fea;Si 
films (x — 1.0, 1.5, 2.0, and 3.0) are shown in Fig. 4(c). 
There is an almost monotonic change in the magnitude 
of Pp with varying pp, which implies that the structural 
ordering crucially affects the Pp values for Co3_a;Fea;Si 
films, consistent with general interpretations in Heusler 
compounds. [H, [13, [Hl,!!!^ 

We note that the magnitude of Pp values for the 
Co3_a;Fe2;Si/Cu LSVs are also changed monotonically 
with varying x. Since the resistivity shown in horizontal 
axis depended on the microscopic structural ordering in 
the Heusler wires, the scattering of the horizontal axis 
could not be avoided, plj Also, the sign of Pp depending 
on the structural ordering should be considered. [13, [STj 
However, Fig. 4(c) apparently reveals that the room- 
temperature Pp can be tuned by systematically intro- 
ducing Co-Fe substitution in Co3_a:Fe2;Si films even on 
group-IV semiconductor platforms. 



IV. SUMMARY 

We have studied the effect of the Co-Fe substitu- 
tion in Co3_2;Fea;Si on P by using LT-MBE techniques 
and nonlocal spin valve studies. Even for the low- 
temperature grown Heusler-compound films, the Co-Fe 
atomic substitution at A and C sites can be confirmed 
by the conversion electron Mossbauer spectroscopy mea- 
surements. Furthermore, the magnetic moment is sys- 
tematically changed with the Co-Fe substitutions. The 
room-temperature P was monotonically tuned by sys- 
tematically changing x. This study experimentally ver- 
ified that the Co-Fe substitution in Co3_a:Fea;Si Heusler 
compounds can sensitively affect the room-temperature 
spin polarization. 
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